Molecular Biology of Axon Guidance  by Nieto, M.Angela
Neuron, Vol. 17, 1039–1048, December, 1996, Copyright 1996 by Cell Press
Molecular Biology Meeting Review
of Axon Guidance
M. Angela Nieto of a very exciting and intensive meeting that took place
on September 12–14, 1996, at the EMBL in Heidelberg.Instituto Cajal, CSIC
28002 Madrid The workshop, entitled “Molecular Biology of Axon
Guidance,” gathered a forum of 26 speakers and someSpain
90 people in total, who enthusiastically presented and
discussed the recent advances in the field. I will summa-
rize the meeting in this review, emphasizing some of theMore than a century ago, Cajal published one of his
new data presented.most significant contributions, the discovery of the
The topics of the meeting were quite varied but manygrowth cone as the terminal structure of the developing
of the speakers concentrated on axonal guidance in theneuronal cell. This finding was a crucial step in the estab-
two models used to describe the growth cone and thelishment of the theory that neurons develop as individual
chemoaffinity theory, namely the midline and the retino-cells.
tectal system; the starring molecules were members of
“.. This fibre [of the commissural neuron] ends...in an the collapsin/semaphorin family, the netrins, and the
enlargement which may be rounded and subtle, but that Eph-related receptor family and their ligands.
may also adopt a conical appearance. This latter we
shall name the growth cone, that at times displays fine
The Eph-Related Receptor Familyand short extensions...which appear to insinuate them-
and Their Ligandsselves between the surrounding elements, relentlessly
Receptor tyrosine kinases (RTKs) have been subdividedforging a path through the interstitial matrix” (Ramo´n y
into 14 different families according to sequence similar-Cajal, 1890a, Figure 1).
ity, mainly based on their extracellular domains. Over
the past five years, the Eph family of receptors (namedApart from a very precise definition of the growth
cone, one can also find in Cajal’s writings the origin of for the first member of the family; Hirai et al., 1987) has
attracted a lot of attention from people working on axonthe neurotropic theory and of the mechanism of axonal
pathfinding. Two years later, after the analysis of the pathfinding. Although this family had been thought to
be excellent candidates to play important roles in thedeveloping retinotectal connections, and by extrapola-
tion from Pfeffer’s chemotaxis theory, Cajal proposed development of the vertebrate embryo, until recently
they were were referred to as “orphan receptors” be-that developing neurons possessed chemotactic prop-
erties that would guide axons to their targets. He sug- cause of the absence of known ligands that could bind
to them. Today, the Eph family is the largest subfamilygested that the growth cone would beguided by “chemi-
cal flows” that they would follow to find the secretory of RTKs, comprising at least 14 members. These bind
to a novel family of ligands with eight members alreadytarget (Ramo´n y Cajal, 1893). This suggestion was ne-
glected for many years in favor of the mechanical theory, described and are considered essential players in many
different processes during embryonic development, in-but was brought to light again in the 1940s. Sperry car-
ried out a long series of experimental manipulations cluding the development of the vertebrate nervous
system.in the newt that led him to suggest the existence of
complementary and recognizable cytochemical tags What are the characteristics of the Eph receptor fam-
ily? The extracellular region of the receptors containspresent in the retina and its target, the optic tectum.
Twenty years later, he formulated the chemoaffinity the- an immunoglobulin-like domain, a Cys-rich domain and
two fibronectin type III domains, and the cytoplasmicory in which he postulated the existence of at least two
cytochemical gradients superimposed both in the retina region, a single kinase catalytic domain. Different mem-
bers of the family have been cloned in many vertebratesand the tectum that would provide each axon with a
particular target “latitude and longitude,” allowing the species, and the sequence similarity among the or-
thologs is extremely high. The cloning of the first ligandformation of a precise topographic map (Sperry, 1963).
We now know that Sperry was partly correct in saying for this receptor family was the result of a very difficult
hunting task, looking for receptor binding activity incon-that topographic maps are generated by the existence
of chemoaffinity labels, but also that the ultimate refine- ditioned media obtained from more than a hundred cell
lines (Bartley et al., 1994). From then on, and at an im-ment of these maps depends on neuronal activity and
trophic support. In any case, the growth cones encoun- pressive rate, the identification of seven more ligands
has been reported to date. One very important charac-ter a great variety of guiding signals, either attractive or
repellent that, in addition, can be diffusible or attached teristic of these ligands is that they are all membrane-
attached proteins, either by a glycophosphotidylinositolto the cell membrane or to the extracellular matrix. We
have had to wait until recently to learn the identity of (GPI) linkage or through a transmembrane (TM) domain.
Therefore, whenever we talk about any Eph receptor–the actual molecules that do the job. The amount of
information accumulated in the last few years through ligand interactions, we are talking about contact-depen-
dent cell to cell communication, as the ligands requirethe cloning and functional analysis of some of these
molecules precipitated the organization by Rudiger membrane attachment (or artificial clustering) for activity
(Davis et al., 1994). This fact confers on them uniqueKlein (European Molecular Biology Laboratory [EMBL],
Germany) and John Flanagan (Harvard Medical School) properties that suggest that the cellular responses to
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repulsive activities by biochemical means; one of them
has turned out to be a member of the family of ligands
for the Eph receptors, called RAGS (Drescher et al.,
1995). At the same time, another pivotal paper appeared
in the same issue of Cell, where Flanaganand colleagues
showed the existence of graded and complementary
patterns of expression of an Eph-receptor (Mek-4) and
its putative ligand (Elf-1) in the retina and the tectum,
respectively (Cheng et al., 1995). Taking these results
together, it looked like Sperry’s theory was being directly
demonstrated. Only 15 months later, we heard at this
meeting a great deal of information on the role of the
Ephreceptors and their ligands on axonal guidance both
in this and other systems.
U. Drescher (Max Planck Institute, Tu¨bingen) con-
firmed the ability of RAGS to repel retinal axons and
showed that the response is concentration dependent.
Using the in vitro stripe assay, he showed that temporal
axons can differentiate between stripes of tectal mem-
branes expressing different concentrationsof RAGSand
prefer to grow on the membranes with a lower amount
of the repellent. These temporal axons can grow on
posterior tectal membranes if there is no other substrate
Figure 1. Transverse Section of the Spinal Cord of a Day 4 Chick but prefer anterior tectal membranes. RAGS is also re-
Embryo
pellent for nasal axons and, although they are less sensi-
This photograph has been taken from one of Cajal’s original Golgi tive than the temporal axons, this raises the question
preparations that led him to describe the growth cone in a research
as to what really provides the specificity for retinotectalnote in Gaceta Sanitaria de Barcelona in August 1890 (see text and
connections. Both Drescher and Flanagan showed thatRamo´n y Cajal, 1890a). This note was subsequently translated into
French and published with some additions and drawings in Anatom- Elf-1, contrary to RAGS, repels only temporal axons.
ischer Anzeiger (Ramo´n y Cajal, 1890b). The insert shows a higher Although the two ligands show graded expression in
magnification of the growth cone of an axon in another focal plane the tectum, the distributions are different, with the Elf-1
of the same section.
gradient extending across the whole tectum, whereas
RAGS is at the posterior end. Flanagan suggested that
RAGS might have a general repellent function for nasal
their signaling may be different from those of the recep-
and temporal axons, consistent with a role in preventing
tors for diffusible signals.
axons from crossing the posterior limit of the tectum.Axonal Pathfinding in the Retinotectal System
This is in agreement with the observation made in zebra
For those who work on axonal pathfinding in verte-
fish embryos, where a likely homolog of RAGS shows
brates, the retinotectal system has been and still is one
a band of expression in a stripe just posterior to theof the most useful models to study the establishment of
optic tectum (C.H. Brennan, King’s College, London).specific neuronal connections. Axons at specific retinal
Alternatively, RAGS, apart from having a stop function,locations always connect to cells specifically and
might also have a role in topographic specification, act-uniquely positioned within the optic tectum, giving rise
ing in cooperation with Elf-1 by means of the differentto a precise topographic map. The map in the tectum
binding affinities of the two ligands to the relevant recep-is inverted with respect to that in the retina, with dorsal
tors (Drescher).and ventral retinal axons projecting to ventral and dorsal
Alteration of Elf-1 pattern by retroviral-induced over-tectum, respectively, and anterior (nasal) and posterior
expression in the tectum gives rise to modifications of(temporal) retinal axons projecting onto posterior and
retinal axon mapping in vivo, with temporal axonsanterior tectum, respectively. After Sperry’s chemoaffin-
avoiding the ectopic patches of Elf-1-expressing cellsity theory, the search began for molecules expressed in
and projecting to abnormal anterior positions (Flana-gradients in the developing retinotectal system with the
gan). These results show that Elf-1 confers topographicability to guide retinal axons. As is usual for this type of
specificity for retinal axon mapping (Nakamoto et al.,search, a good assay was required. In this case, the
1996). Retroviral overexpression experiments have alsoassay that has become standard for the field is the in
beencarried out by other groups (Friedman and O’Leary,vitro stripe assay developed by Bonhoeffer and col-
1996; Itasaki and Nakamura, 1996; Logan et al., 1996)leagues nearly ten years ago (Walter et al., 1987), in
with the transcription factor Engrailed, which is alsowhich they grew retinal axons on membrane carpets
expressed in a posterior to anterior gradient in the tec-obtained from different parts of the tectum. The Bon-
tum (D. O’Leary, The Salk Institute, La Jolla). The resultshoeffer group was able to show that temporal retinal
of these experiments show very similar alterations inaxons prefer to grow on anterior tectal membranes (their
the axonal projections to those obtained after Elf-1 over-natural target), and that posterior tectal membranes ac-
expression, and are compatible with Engrailed being antively repel temporal axons by collapsing their growth
cones. The authors then set out to isolate the putative upstream regulator of Elf-1.
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Retinal axons are able to detect and differentiate be- R. Marcus (Columbia University, in collaboration with
Regeneron) who identified complementary gradients oftween ligands expressed in the tectal cells due to ex-
pression of the appropriate receptors, which, as men- ligands and their corresponding receptors in both the
dorsoventral and nasotemporal axes of the embryonictioned above, are also present in a graded distribution.
Several receptors of the Eph family have been described mouse retinal neuroepithelium. The distribution of the
different family members suggest that each subclassin the retina. By looking at the expression patterns of
the ligands in the tectum and those of the corresponding (GPI-linked or TM ligands and their receptors) specifies
positional information in one of the two retinal axes. Thisreceptors in the retina, a very interesting discussion
emerged. What would be the simplest configuration to might be related to the proposed role for these receptors
in the movement and/or sorting of cells at early stagesestablish a precise topographic map? Is it enough to
have one countergradient of receptor and ligand as de- of hindbrain segmentation (Xu et al., 1995, and below).
We have been referring to the establishment of topo-scribed for Mek-4 and Elf-1? O’Leary mentioned that
this model can account for nasal and temporal axons, graphic maps as if it would involve only one step, the
recognition of molecules expressed on retinal axons andbut it is not so obvious for axons located at more central
positions. Flanagan proposed a model based on the law the target cells in the tectum, but the process is much
more complicated and requires several phases togener-of mass action, where the signaling would be the result
of the product of the amount of ligand and receptor, ate the very precise map. O’Leary pointed out the impor-
tance that interstitial collateral branching has in the for-which, in light of countergradients, becomes uniform
or equivalent at all positions considered. This model mation of the retinotopic map in the superior colliculus
of the rat. When axons first enter the colliculus theyexplains the countergradients and would work perfectly
for repellent signals but only if repulsive signals exist. usually overshoot their target. Subsequently, a remodel-
ing process takes place in which branching, as opposedThe question now is how do the axons stop or even
how do they grow? Is it necessary to postulate graded to guidance of the primary growth cone, is the predomi-
nant mechanism. There is preferential branching at theexpression of attractants? No one seemed to discard
the possibility of attractive molecules playing a role in definitive target sites that can be stimulated by focal
addition of BDNF and that also appears to be regulatedaxonal guidance in this system, but there is no good
candidate described to date that fulfills all the require- by the inhibitory activity of a GPI-linked membrane-
bound molecule. This makes the ligands of the Ephments for this role in the tectum. On the other hand, J.
Raper (University of Pennsylvania) argued that it would receptors good candidates for this role. In relation to
this, it is interesting to note that these receptors arebe sufficient to have molecules supporting axonal
growth by acting as permissive signals, which would located not only at the growth cone but also all along
the length of the axons. This would allow them to recog-not need to be expressed in gradients. This was a very
interesting theoretical discussion, but the answers to nize sites of preferred branching and, as Flanagan sug-
gested, it also provides a better way to interpret gradedthe questions will have to wait until we have more infor-
mation about the role of other molecules present in the information.
Other Gradients of Eph Receptorsretinotectal system.
With regard to how many gradients are needed to and Their Ligands
Besides the retinotectal system, complementary gradi-configure the topographic map, we now have some an-
swers about the anteroposterior axis, but what do we ents of Eph receptors and their ligands in the projecting
cells and their target regions have also been found inknow about the signaling along the dorsoventral axis?
Another member of the Eph receptor family (Cek-5 in other areas of the nervous system. One example of this
was presented by R. Zhou (Rutgers University, Piscata-the chick, Nuk/Sek-3 in the mouse) has been shown to
be expressed in a dorsoventral gradient in the retina way, New Jersey) in the murine hippocamposeptal pro-
jections. The topography here is established so that(Holash and Pasquale, 1995; Kenny et al., 1995), and a
ligand has been cloned that binds to this receptor in medial and lateral hippocampal neurons project to dor-
sal and ventral septal targets, respectively. Bsk (thevitro. E. Pasquale (The Burham Institute, La Jolla) re-
ported the cloning of the chick homolog of this ligand mouse homologue of Rek-7 and Cek-7) is an Eph recep-
tor that binds to ligands of the GPI subclass and thatand convincingly showed that it is a ligand for Cek-5. It
is expressed in dorsal retina, showing a complementary is expressed in a lateral to medial gradient in the hippo-
campus. A countergradient of expression is found forpattern to that of the receptor, and it is also expressed
in the tectum at early stages (in agreement with unpub- its ligands Elf-1, RAGS, and LERK-3 in the septum. The
neurons expressing high levels of receptor project tolished data from my laboratory). There is no indication
to date of the guidance activity of this molecule, nor regions where low levels of ligands exist and vice versa,
suggesting a similar strategy to that found in the retino-of its repulsive or attractive activity on retinal axons.
Furthermore, it is not clear whether it is involved in the tectal system for the establishment of topographic pro-
jections. The proposal is that the growth of hippocampalformation of topographic maps in the retinotectal sys-
tem because its expression is very low and is not graded neurites is selectively inhibited by the ligands, with the
medial neurites being more sensitive than the lateralin the tectum at stages of retinal axon projection. There
is still the possibility that Cek-5 interacts with another neurites to the inhibition.
Before RAGS was found to be repellent for retinalligand in the tectum involved in axonal pathfinding. In
any case, the asymetric expression of both ligand and axons, I. Caras (Genentech) used cocultures of cortical
neurons on layers of astrocytes to show that AL-1 (thereceptor in the retina suggests a possible intraretinal
role for these molecules. This was also proposed by human homolog of RAGS) was expressed in astrocytes,
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and its receptor, Rek-7 (homolog of Bsk), was expressed that receptor-expressing cells and the cells expressing
the ligand would be in contact only at the boundariesby cortical neurons. Under these culture conditions, ax-
ons fasciculate, and this fasciculation was prevented of the corresponding domains. They also extend the
role of the Eph family to the patterning of many differentby using blocking reagents for either ligand or receptor
activity (Winslow et al., 1995). Later, and by analogy to structures throughout the embryo (Gale et al., 1996).
However, it is worth remembering here that the reagentsthe retinotectal system, it was proposed that axons were
repelled by AL-1 expressing astrocytes. This repulsion show collective expression patterns, and although they
have been crucial for theelucidation of this extraordinarywould promote neuron–neuron interaction, and thus fas-
ciculation. Caras has now shown that AL-1 is a real compartmentalization of the developing embryo, they
do not show the expression patterns of individual mem-repellent for cortical axons in growth cone collapse
assays and that the response depends on the level of bers. Together with the binding and receptor activation
studies, the expression patterns of individual familyreceptor expression, confirming the model. Further-
more, she has obtained similar results of growth cone members would help to identify the receptor–ligand
pairs occurring in vivo, provided that in order to interact,collapse induced by AL-1 in hippocampal explants in
agreement with the results presented by Zhou. the ligand and the receptor-expressing cells have to be
in contact. Furthermore, when receptor and ligand areTo the possible question of whether Eph receptors
and ligands always work by forming gradients within expressed in the same place, as has been shown by in
situ hybridization studies, the Fc reagents may not de-a tissue, the answer seems to be no. Evidence was
presented that the sorting of axons in glomeruli in the tect them. This was discussed by D. Wilkinson (National
Institute for Medical Research, London) who suggestedolfactory system might be mediated by interactions be-
tween ligands and receptors (Zhou; T. Pawson, Mount that endogenous membrane-bound receptor may be
masking/preventing the ligand from binding to solubleSinai Hospital, Toronto). A subpopulation of cells in the
olfactory epithelium express the ligand (LERK-3), and receptor Fc (Flenniken et al., 1996).
The complementary domains of Eph receptors andthese will never make synapses in the glomeruli that
contain the terminal endings of the target cells express- their ligands seen during early embryonic development
suggest their involvement in the early patterning of theing the receptor (Bsk/Rek-7; Zhou). The speakers postu-
lated that the axons are repelled by the ligand and that nervous system. The use of a dominant negative ap-
proach in Xenopus and zebra fish embryos has con-different cells in the olfactory epithelium express differ-
ent ligands. In relation to this, Pawson described the firmed this suggestion and has implicated the Sek-1
receptor in the restriction of cell movements betweenexpression of another receptor (Nuk/Sek-3) in the olfac-
tory epithelium and of its ligand in the target cells. segments in the vertebrate hindbrain (Xu et al., 1995).
Wilkinson suggested that apart from this role within theLigand–Receptor Binding, Specificity Subclasses,
and Compartmentalization neural tube, the ligand/receptor interactions also play a
role in the migration of the hindbrain neural crest cellsOne of the characteristics of the binding properties of
the Eph receptors to their ligands is that they can bind to the branchial arches. Complementary patterns of ex-
pression of ligands and receptors are found in adjacentto several members of the family with similar affinities.
Thus, preliminary studies suggested that one receptor rhombomeres and in the migrating crest cells that origi-
nate from them. The phenotypic analysis of dominantcan bind tomore than one ligand and vice versa. Binding
studies carried out by several groups have now made negative mutants for the receptors in Xenopus embryos
suggests that ligand-expressing cells provide a contact-clear that the receptors and their membrane-attached
ligands can be grouped into two subclasses, which di- mediated repulsive cue to the receptor-expressing cells
in the adjacent branchial arch. Ectopic ligand overex-vide the receptors into those that bind the TM subgroup
of ligands and those that bind the GPI-anchored ligands pression gives rise to a phenotype where migrating cells
disperse to adjacent territories, consistent with re-(N. Gale, Regeneron). The difficult task is to determine
which of these receptor-ligand interactions have physio- pulsion.
Misrouting and mistargeting of axons and defects inlogical relevance. Of great help in answering this ques-
tion have been the “ligand-body” and “receptor-body” neural crest migration in the hindbrain region were de-
scribed in mice mutant for the ErbB4 neuregulin receptorreagents, soluble forms of ligands or receptors fused to
either the Fc immunoglobulin domain or alkaline phos- (G. Lemke, The Salk Institute) and for the transcription
factor Krox-20 (P. Charnay, Ecole Normale Supe´rieure,phatase. The ligand reagents can detect the distribution
of the corresponding receptors, and the receptor re- Paris). In Krox-20 mutants, rhombomeres 3 and 5 (which
normally express the gene) are formed but later disap-agents, that of the corresponding ligands in binding
assays in whole embryos. All receptor reagents of a pear during embryonic development, giving rise to fas-
ciculation of axons belonging to different motor nuclei.particular subclass revealed a similar pattern of ligand
binding in the embryo, showing the collective distribu- In addition, Krox-20 regulates the expression of the Eph
receptor Sek-1 in a subpopulation of crest cells migrat-tion of all members of the subclass. The same is true
of the ligand reagents, confirming the two classes of ing from rhombomere 5, which may explain the change
in crest navigation observed in Krox-20 homozygousbinding specificities described above.
What was immediately apparent by looking at the mutant embryos. In the ErbB4 mutant, the mistargeting
of axons is not due to a disappearance of rhombomeresbinding of thesereagents is that embryos are subdivided
into regions of reciprocal and mutually exclusive do- but rather to loss of ErbB4-dependent barrier molecules
in rhombomeres 3 and 5, which normally inhibit axonalmains of expression of a receptor subclass and its li-
gands (Gale). These complementary patterns suggest growth across these rhombomeres (Gassmann et al.,
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1995). Lemke suggested that one such molecule could Ligand Binding and Signal Transduction:
A Two-Way Signaling System for thebe a ligand for an Eph receptor.
Eph Receptors and the Formation Transmembrane Ligands Upon
Binding to the Receptor?of Brain Commissures
The generation of mutant mice for members of the Eph Insights into the roles of Eph receptors and their ligands
require understanding of how the activation of receptorfamily of receptors and ligands will undoubtedly help us
to understand their biological functions. The phenotypic generates signals that will ultimately lead to a cellular
response. It has already been mentioned that the ligandsanalysis of strains of knockout mice lacking the mem-
bers of the Eph receptor family, Nuk and Eek, were for Eph receptors require membrane attachment or clus-
tering to be active and this has made the in vitro assayspresented by R. Klein and T. Pawson (Henkemeyer et
al., 1996) and by M. Barbacid (Bristol-Myers Squibb), of ligand binding and signal transduction more difficult.
The receptors become phosphorylated upon ligandrespectively. Eek is expressed in a small subpopulation
of superior colliculus neurons. Axonal tracing experi- binding, but their cytoplasmic domains fail to induce a
mitogenic response in culture cells. The use of chimericments in the mutant mice showed that a population of
neurons of the superior colliculus (presumably those reagents containing the cytoplasmic domain of the TrkB
neurotrophin receptor facilitated the binding analysis forexpressing Eek receptors) failed to find their target in
the contralateral inferior colliculus. Instead, these mu- different members of the family and subsequently, the
subdivision in the two subfamilies already mentioned,tant mice display an ectopic ipsilateral projection to the
cervical region of the spinal cord which is absent in their the Eck-type receptors that bind to the GPI-anchored
ligands and the Elk-type receptors that bind to the TMwild-type littermates. Retrograde labeling experiments
indicate that these abnormal projections originate from ligands (Bambrilla et al., 1995; Gale et al., 1996). Regard-
ing the ligand binding site, Klein reported that it is lo-Eek-expressing neurons in the superior colliculus, sug-
gesting that they are misrouted axons that fail to cross cated at the N-terminal part of the extracellular region,
while the cystein-rich region and the fibronectin type IIIthe midline (and innervate their target in the inferior
colliculus) due to the absence of Eek receptors. The domains are not involved.
The next step after demonstrating ligand-receptorNuk mutant mice have defects in the formation of the
posterior component of the anterior commissure. In binding and receptor phosphorylation is the search for
the targets of the receptor kinase activity. Pawson, Pas-wild-type mice, the receptor is not expressed in neurons
but in the cells underneath the path of the axonal fibers, quale, and T. Hunter (The Salk Institute, La Jolla) pre-
sented interesting results about proteins that may inter-and unexpectedly, itwas found that theseaxons express
a TM ligand for Nuk. act with the receptors. There is one report indicating that
activated Eck can bind phosphatidylinositol 3-kinaseWe have not had to wait long to hear the results ob-
tained by the same groups (Klein and Pawson) about (Pandey et al., 1994) and both Sek-1 and Eck bind to
fyn and SLAP, respectively. The latter is a novel, peculiarthe phenotype of the mutant for another receptor of the
same subclass, Sek-4, and even the phenotype of the member of this family that lacks the catalytic tyrosine
kinase domain, relating it to the “adapter” moleculesSek 4/Nuk double mutant. The Sek-4 mutant mice show
abnormalities in the formation of the corpus callosum. (Pandey et al., 1995). It is tempting to suggest that SLAP
might act as a countersignal to Src-related moleculesSo both Sek-4 and Nuk mutants present defects in the
formation of commissural tracts that interconnect the in the signaling mediated by Eph receptors. Members
of the Elk-type subfamily of receptors bind to Src andtwo cerebral hemispheres. In the single mutants, some
axons cross the midline at the corresponding affected Yes (Pasquale) and to p120-GAP (Pawson), which could
link Eph receptors signaling to the p190-RhoGAP andcommissure. The double knockout mice show a much
more severe phenotype, with practically all anterior Nck pathways, each leading independently to cellular
reorganization of the cytoskeleton through Rho and Raccommissural axons being misdirected. This suggests a
cooperation between these two receptors, and both respectively.
The use of the chimericextracellular Eph–cytoplasmicbind to the same ligands, LERK-2 and LERK-5. Addition-
ally, the double mutant mice show defects in guidance Trk receptors revealed a possible role for the cyto-
plasmic domain of the TM ligands. Binding of a clusteredand fasciculation of other commissures and they die
shortly after birth due to suckling problems caused by TM ligand that lacked its cytoplasmic domain increased
the response in the focus formation assay induced bycleft palate (Klein).
One striking observation is that the mice carrying a the trk B intracellular domain, indicating that the cyto-
plasmic region of the TM ligand interfered with the puta-mutation lacking the catalytic domain of Nuk do not
show defects in the formation of the anterior commis- tive mitogenic pathway and suggesting a role in the
regulation of the normal signaling through the Eph re-sure, suggesting that the catalytic domain is not needed
for the formation of the tract, and that the receptor might ceptor (Bambrilla et al., 1995). TM ligands are also excel-
lent substrates for tyrosine kinases activated by platelet-have kinase-dependent and kinase-independent signal-
ing activities. Several possibilities were discussed to derived growth factor (PDGF), suggesting cross talk
between TM ligand signaling and other signaling cas-account for this lack of phenotype. An exciting one is
that the TM ligands may be able to transduce signals cades (Klein). Furthermore, they become phosphory-
lated upon contact with their Elk-like receptors (Kleinthrough their cytoplasmic domain. It would then be pos-
sible that the truncated version of the receptor would and Pawson). This phosphorylation might in fact be me-
diated by Src; cotransfection with Src leads to phos-still bind to the ligand, which in turn would transduce
signals informative for axonal pathfinding of the com- phorylation of the ligand (Pawson). These lines of evi-
dence for the transduction of signals by TM ligands uponmissural axons.
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binding to their receptors suggest a two-way signaling the segmental nerve b, SNb) bypass their target region
(Kreuger et al., 1996). At the meeting, we heard moresystem into both the “receptor” and “ligand”-expressing
cells, which is crucial for the execution of the cellular about the phenotype of these embryos, and in particular,
that Rac loss-of-function mutants also show SNb by-response (Holland et al., 1996).
Cellular Response to the Eph pass with a nearly identical phenotype to that of DLAR
loss-of-function mutants, placing Rac in the guidanceReceptor–Ligand Interaction
To date, the best described cellular response observed mechanism pathway, perhaps downstream of DLAR (D.
Van Vactor, Harvard Medical School). In agreement withupon Eph receptor–ligand interaction has been the re-
pulsion of axons, first seen as an alteration in the mor- this, human LAR has been shown to interact with TRIO,
a novel protein kinase with two nucleotide exchangephology of the growth cone. The structure of the growth
cone is extremely dynamic and its filopodia and lamelli- factor domains specific for Rac and Rho (Debant et al.,
1996). This suggests that receptor protein phosphatasespodia are continuously changing in shape in response
to local cues that, when repulsive, can induce either may control guidance by recruiting the local activa-
tion of GTPases to reorganize the actin cytoskeletona change in trajectory or a paralysis and subsequent
collapse of the growth cone (Fan and Raper, 1995). It at the growth cone leading edge. Drosophila protein
tyrosine phosphatase (DPTP61F) was shown to interactis thus obvious that there must be a connection between
the biochemical pathways induced by receptor–ligand in vitro and in vivo with the product of the dreadlocks
(dock) gene (S.L. Zipursky, University of California, Losinteractions and the changes in the morphology of the
growth cone. As already mentioned, the little we know Angeles; Clemens et al., 1996). dock has been implicated
in photoreceptor axon guidance (Garrity et al., 1996) andabout the signal tranduction pathways of these mole-
cules may take us to Rho and Rac. These are small is the fly homolog of Nck, an adapter molecule possibly
upstream of Rac. Zipursky presented data indicatingGTP-binding proteins that have been implicated in the
regulation of actin polymerization to produce stress fi- genetic interactions of dock and CDC42, another mem-
ber of the Rho family. This again links axonal guidancebers, filopodia, and lamellipodia in fibroblasts. The strik-
ing morphological similarities between expanding fibro- to gene products that affect the cytoskeleton.
It is not only in Drosophila that a role for receptorblasts and advancing growth cones suggests that these
molecules may be involved in the reorganization of protein phosphatases in axon guidance has been
shown; a molecule related to DLAR has been describedF-actin and lamellipodia retraction seen in cultured neu-
rons in response to ligand addition (AL-1, Caras), and in the chick embryo that is expressed in the growth
cones of dorsal root ganglion cell and the retinal gan-in the morphological changes observed in receptor-
expressing cells when plated on ligand-expressing cells glion cell axons (A.W. Stoker, Oxford University). There
are no candidates for ligands of the receptor protein(Pasquale).
phosphatases described to date, nor even good indica-
tions about their catalytic activity. However, analysis ofNomenclature of the Eph Receptors and Ligands:
the morphology of the growth cone in these mutantsHow to Give Four Names to a Gene
will provide information about the processes in whichIt is quite usual to have two different names for the same
they are involved.molecule when it has been independently isolated by
more than one group, as has been the case for the
collapsin/semaphorin family. However, nothing com- Axon Guidance by Diffusible Signals
pares to the nightmare of trying to keep track of the Until now, we have been referring to work aimed at
many different names given to any of the members of identifying receptors involved in cell–cell communica-
the Eph family. Attempts have already been made to tion. However, after Cajal’s initial suggestions, the ef-
clarify the nomenclature without much success. Taking forts of scientists interested in axon guidance have been
advantage of the fact that many of the people who had devoted to the search for diffusible molecules secreted
cloned the genes were present at this workshop, the by target cells that axons would recognize. One assay
organizers suggested a gathering todiscuss alternatives that has proven to be important for the identification
to unify the nomenclature. A committee (M. Tessier- of diffusible guidance signals was first developed by
Lavigne, T. Hunter, E. Pasquale, J. Flanagan, and N. Andrew Lumsden and Alun Davies in the early 1980s.
Gale) was proposed to take note of what was discussed This assay consists of coculturing, in collagen gel matri-
and to create a network of communication with all peo- ces, explants of different tissues placed at a distance.
ple interested to try and reach a final decision as to If one of the tissues secretes a diffusible molecule, this
naming of the genes. The committee is now receiving factor would be distributed in the gel in a gradient from
opinions from people interested, and we will not have the source; its effect, if any, could be assessed by look-
to wait long to have a sensible nomenclature finally for ing at the characteristics of neurite outgrowth in the
these gene families. other explanted tissue. The use of this assay provided
evidence of the existence of guidance activities, attrac-
tive and repellent, secreted by target tissues that in theThe Role of Protein Phosphatases
in Axon Guidance last few years has led to the isolation of such molecules.
The Netrin Family of Guidance MoleculesTwo papers appeared earlier this year in Cell that show
a role for receptor protein phosphatases in motor axon The vertebrate floor plate has the ability to exert a long-
range attractive effect on commissural neurons. The cellguidance in Drosophila (Desai et al., 1996; Krueger et
al., 1996). In DLAR mutants, specific axons (those of bodies of these neurons are located in the dorsal part
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of the spinal cord, and their axons first grow circumfer- describe above. Netrins are also present in the midline
entially, subsequently turn toward the ventral midline as cells of the developing Drosophila nervous system,
their intermediate target, and cross it, projecting to the where two genes have been described, D-netrinA and
brain. Work done in M. Tessier-Lavigne’s laboratory D-netrinB (Harris et al., 1996; Mitchell et al., 1996). Both
(University of California, San Francisco) described the genes have similar patterns of expression and deficien-
isolation of a family of diffusible factors called netrins cies that remove and both genes show a partially com-
that had the ability to substitute for the floor plate in missureless phenotype. The genes are the result of a
outgrowth-promotion and chemoattraction assays of tandem duplication and seem to be functionally redun-
commissural axons (Kennedy et al., 1994; Serafini et al., dant; experiments in which the expression of one of
1994). Netrin-1 is expressed in the floor plate cells from them is driven to the midline of the double mutant result
which it is hypothesized to diffuse, forming a gradient in a complete rescue of the phenotype (C. Goodman,
of expression; netrin-2 is expressed in the ventral two- University of California, Berkeley). Netrin receptors have
thirds of the spinal cord, butnot in the floor plate. Netrins also been conserved through evolution, with UNC-40
seemed to fit the requirements for molecules to guide being the C. elegans counterpart of DCC (Chang et al.,
the commissural neurons to the floor plate. This has 1996) and frazzled the corresponding Drosophila gene
now been confirmed by Tessier-Lavigne’s laboratory in (Kolodziej et al., 1996). In the fly, the frazzled mutant
collaboration with W. Skarnes (Edinburgh) and R. Bed- shows a very similar phenotype to that of the double
dington’s (National Institute for Medical Research, Lon- mutant DnetrinA/B, as expected for a molecule that acts
don) laboratories, who have performed a phenotypic as their receptor (Goodman). However, the unc-40 mu-
analysis of the netrin-1 mutant mice obtained in a gene tants have more severe effects on ventral migrations
trap screen (Serafini et al., 1996). Floor plate explants than on dorsal migrations. Taking into account that its
from the mutant mice are unable to promote the out- ligand, UNC-6, is involved in the attraction and repulsion
growth of commissural axons in the collagen gel assay, of the ventrally and dorsally migrating axons, respec-
indicating that netrin-1 is responsible for this activiy of tively, it is possible that UNC-6 might have another re-
the floor plate. A few axons can be detected progressing ceptor that would account for its repulsive activity. In
to the floor plate of the mutants, which might be ex- fact, the candidate is a transmembrane protein encoded
plained by the mutant being a hypomorph rather than by the unc-5 gene, which shows a mutant phenotype
a null, although evidence was also obtained for the exis-
where only the dorsal pathway is affected (Leung-
tence of another attractant molecule. In addition, the
Hagesteijn et al., 1992; M. Killeen, Mount Sinai Hospital,
mutants show defects in the corpus callosum, hippo-
Toronto). It would be interesting to know if there are
campal commissure, and the anterior commissure, to-
vertebrate homologs of UNC-5 involved in axon guid-
gether with the absence of the pontine nuclei. These
ance and cell migration.
nuclei appear after extensive neuronal migration, and
The similarities found in the structure and function ofthe fact that the floor plate might have an attractive
netrins and their receptors from flies to mammals sug-effect on these neurons (O’Leary) suggests a role for
gest a phylogenetic conservation of some mechanismsnetrin-1 not only in axonal guidance but also in the guid-
of axonal guidance to and from the midline. Indeed, aance of cell migration.
chemorepulsive activity of netrin-1 has been describedTessier-Lavigne also reported the characterization of
for trochlear motor axons, which grow dorsally awayDCC, a gene previously cloned as a candidate tumor
from the floor plate (Colamarino and Tessier-Lavigne,supressor gene deleted in colorectal cancer, as a
1995), showing a complete parallelwith the two activitiesnetrin-1 receptor. DCC is highly expressed in commis-
of the nematode UNC-6 protein and placing netrin notsural axons, and specific antibodies to netrin detect it
only among the molecules described as attractants butattached to DCC-transfected cells incubated with the
also among those described as chemorepellents.factor, indicating that DCC does indeed bind netrin
Chemorepulsion of Axons by Diffusible Molecules(Keino-Masu et al., 1996). Everything seems to indicate
Evidence for axon chemorepulsion by diffusible signalsnow that the attractive molecule secreted by the floor
was described by A. Pini (1993) in cocultures of explantsplate proposed by Cajal after looking at the commissural
of olfactory bulb and septum in collagen gel matrices,neurons of the chick embryos (Figure 1) is in fact
where he consistently found that olfactory bulb axonsnetrin-1, and at least one of the molecules responsive
grew away from the septum. At the same time, J. Raperto it and expressed incommissural growth cones isDCC.
and colleagues isolated a protein from the chick brainPhylogenetic Conservation of Midline
that caused the collapse of sensory ganglion growthGuidance Molecules
cones, which they called collapsin (Luo et al., 1993).Netrins are the chick homologs of UNC-6 (Serafini et al.,
They initially suggested the idea of repulsion after de-1994), which is required for the circumferential dorsal
tecting this activity years before by using an in vitroand ventral migration of axons in C. elegans (Ishii et al.,
growth cone collapse assay. Collapsin turned out to be1992). This implies a double activity, attractive for axons
a chick homolog of the semaphorin family of proteinsmigrating toward the ventral midline, and repulsive for
isolated by the group of C. Goodman, first in grasshop-those migrating away from it. The netrin-1 and netrin-2
per and then in Drosophila (Kolodkin et al., 1993).genes have also been cloned in the mouse. netrin-2 is
A massive effort was exerted then by several groups,not expressed in the spinal cord, and netrin-1 shows a
and now we have a great deal of information about thesepattern of expression compatible with the sum of the
guiding molecules. The best characterized member oftwo chick genes. This suggests that in rodents, netrin-1
the family is collapsin I/Sema-III/Sem D, which has beenmight have “double duty” in midline guidance (Tessier-
Lavigne), compatible with the phenotype of the mutants shown by several groups to be expressed in the ventral
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spinal cord and to be a selective repellent for different the netrin-1 mutant mice retain chemorepellent activity
in the floor plate (which may be due to a member of thepopulations of afferent neurons that enter the most dor-
sal region of the spinal cord. The proprioceptive affer- semaphorin family) and that the trochlear motor nucleus
is normal (Tessier-Lavigne).ents terminate in the ventral cord, are responsive to
NT-3, and are not repelled by Sema III, while thenocicep-
tive afferents terminate in the dorsal cord, are respon- Other Guidance Molecules Found by Genetic
sive to NGF, and are repelled by Sema III (Messersmith Screens of Mutants
et al., 1995). Both Raper and A. Pu¨schel (Max Planck Genetic screens have identified mutants whose pheno-
Institu¨t, Frankfurt) showed further evidence supporting types have allowed the analysis of developmental pro-
this model in the chick and the mouse. Raper described cesses in invertebrates, mainly in Drosophila and C.
a detailed time course of the expression of this molecule elegans. J. Zallen (University of California, San Fran-
in the spinal cord of the chick embryo in relation to cisco) presented the results of a screen in the nematode
the time of entry and guidance of the different sensory affecting at least 13 genes involved in axon guidance
axons. All sensory afferent axons remain in the white of sensory neurons. C. Goodman talked about the isola-
matter and fail to enter the grey matter of the dorsal tion of Drosophila genes that correspond to mutations
cord for about one day. This may be due to the fact that already described by his group (Seeger et al., 1993) and
collapsin I is expressed in the dorsal as well as the that showed axon guidance defects. One of them, the
ventral spinal cord, and all the afferent axons are sensi- commissureless gene, encodes a transmembrane pro-
tive to it at early stages. Later in development, collapsin tein with nosimilarity to any other gene in thedatabases,
I becomes expressed more ventrally, allowing the axons is expressed by the glial cells of the midline, and seems
to enter the dorsal cord. Finally, the NT3-responsive, to be transported to commissural axons as they traverse
ventrally projecting axons become insensitive to col- the midline. The mutant phenotype shows the complete
lapsin I and thus can continue their migration to the absence of commissures suggesting a very important
ventral cord. role for this gene product.
The family of the collapsin/semaphorins has greatly Another mutant whose gene has been isolated is
expanded, with at least five members cloned in the chick roundabout (robo), which encodes a receptor of the
(Raper) and seven in the mouse (Pu¨schel). They are immunoglobulin superfamily and appears as if it may
expressed in the spinal cord and in other regions of function as a receptor for a contact-mediated repellent
the central nervous system, as well as in other tissues, in the midline. In robo mutants axons that should cross
suggesting different roles for these molecules in the the midline do so several times while those that should
development of other embryonic structures. Collapsin not cross, do so once. In the wild-type embryo, the latter
I/Sema-III is expressed in the dermamyotome and is a express robo and grow parallel to the midline while the
candidate repellent molecule for this tissue (Pini). former upregulate the gene just after crossing. The cur-
Pu¨schel also suggested that different members of the rent model is that robo encodes a receptor for a midline
family could be expressed in the same tissues but at repellent, and thus the axons should begin to express
different stages, giving rise to a developmental regula- robo as soon as they cross the midline to prevent them
tion of repulsion.The phenotype of Sema-III mutant mice from crossing a second time (Goodman).
has been published very recently and shows a popula- In the last few years, the mutagenesis screen ap-
tion of NGF-responsive neurons projecting ectopically proach has been extended to vertebrates where it has
in ventral spinal cord as well as defects in other tissues been carried out on a large scale in zebra fish by several
and organs, such as particular bones and the heart (Be- groups. The largest screen has been carried out in C.
har et al., 1996). Nu¨sslein-Volhard’s laboratory (Max Planck Institute,
The axons of hindbrain and spinal motor neurons are Tu¨bingen), from which a flurry of 26 papers describing
also sensitive to chemorepulsive cues that exclude them interesting mutations has just appeared as a special
from the midline. After this initial projection, they can issue of Development, together with 11 more papers
follow two distinct pathways, projecting either ventrally from W. Driever and colleagues (Massachusetts General
or dorsally to different exit points. As already mentioned, Hospital, Charlestown). Some of the phenotypes found
netrin-1 has an attractive effect on commissural neurons in the Tu¨bingen screen and related to locomotionbehav-
and a repulsive effect on trochlear motor axons. S. ior were presented at the meeting by M. Granato (now
Guthrie (Guy’s Hospital, London) using the collagen gel at the University of Pennsylvania).
assay with different motor neuron populations and cell
aggregates secreting netrin-1 or Sem D/Sema-III, nicely
Concluding Remarksshowed that the dorsally projecting axons (such as the
After attending this very exciting workshop, the returntrochlear, trigeminal, facial, glossopharyngeal, and va-
flightprovided an opportunity tosurvey the large amountgal) respond to netrin-1 and Sem D, while the popula-
of information that has been generated in the last fewtions projecting ventrally (abducens and spinal motor
years on the molecular biology of axon guidance. Butaxons) only respond to Sem D. These results indicate
the next thought was about the even larger amount ofthat the differential responsiveness to repellent mole-
information that will undoubtedly come out in the nearcules may be responsible for the segregation of different
future. The generation of mutants in the different genesmotor neuron subpopulations. The axons of the oculo-
will provide invaluable information about the role of themotor neurons did not respond to either of the two
guiding molecules in vertebrates and invertebrates. Withfactors, suggestingthat there must beanother chemore-
pellent molecule (Guthrie). It is worth noting here that regard to topographic maps, it will be interesting to find
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adapter protein required for axon guidance. J. Biol. Chem. 271,how many gradients of different molecules are actually
17002–17005.used for their specification. Another important point will
Colamarino, S.A., and Tessier-Lavigne, M. (1995). The axonal che-be the functional interaction between the different guid-
moattractant netrin-1 is also a chemorepellent for trochlear motorance molecules in the formation of a particular axonal
axons. Cell 81, 621–629.
pathway. It seems that there is cooperation between
Davis, S., Gale, N.W., Aldrich, T.H., Maisonpierre, P.C., Lhotak, V.,different members of the Eph family in the establishment
Pawson, T., Goldfarb, M., and Yancopoulos, G.D. (1994). Ligands
of brain commissures, and cooperations likely exist be- for EPH-related receptor tyrosine kinases require membrane attach-
tween molecules belonging to different families. It is ment or clustering for activitand. Science 266, 816–819.
intriguing that some aspects of the mutant phenotype Debant, A., Serra-Pages, C., Seipel, K., O’Brien, S., Tang, M., and
for the Sek-3 and Sek-4 Eph receptors are also present Park, S.H. (1996). The multidomain protein Trio binds the LAR trans-
membrane tyrosine phosphatase, contains a protein kinase domain,in the netrin-1 mutant mice. One very interesting issue
and has separate rac-specific and rho-specific guanine nucleotideis how far the phylogenetic conservation of guidance
exchange factor domains. Proc. Natl. Acad. Sci. USA 93, 5466–5471.molecules goes. Several groups are now working on the
Desai, C.J., Gindhart, J.G, Jr., Goldstein, L.S.B., and Zinn, K. (1996).identification of vertebrate homologs of the well charac-
Receptor tyrosine phosphatases are required for motor axon guid-terized C. elegans and Drosophila gene products in-
ance in the Drosophila embryo. Cell 84, 599–609.
volved in axon guidance. On the other hand, people
Drescher, U., Kremoser, C., Handwerker, C., Lo¨schinger, J., Noda,working on Drosophila have started to look for the fly
M., and Bonhoeffer, F. (1995). In vitro guidance of retinal ganglion
homologs of vertebrategenes implicated in axonal path- cell axons by RAGS, a 25kDa tectal protein related to ligands for
finding. Apart from the netrin genes already mentioned, Eph receptor tyrosine kinases. Cell 82, 359–370.
the first members of the Eph family have been identified Fan, J., and Raper, J.A. (1995). Localized cues can steer growth
in Drosophila. Zipursky has isolated a likely homolog of cones without inducing their full collapse. Neuron 14, 363–274.
an Eph receptor, and J. Thomas (The Salk Institute, La Flenniken, A.M., Gale, N.W., Yancopoulos, G.D., and Wilkinson, D.G.
Jolla) has reported at the 1996 Drosophila Research (1996). Distinct and overlapping expression patterns of ligands for
Eph-related receptor tyrosine kinases during mouse embryogene-Conference the characterization of Dek7, a homolog of
sis. Dev. Biol. 179, 382–401.the Rek-7 Eph receptor. These are expressed on growth
Friedman, G.C., and O’Leary, D.D.M. (1996). Retroviral expression ofcones and axons of the central nervous system in the
engrailed genes in the chick optic tectum perturbs the topographicDrosophila embryo. This information constitutes a body
targeting of retinal axons. J. Neurosci. 161, 5498–5509.of knowledge that has been obtained at an unparalleled
Gale, N.W., Holland, S.J., Valenzuela, D.M., Flenniken, A., Pan, L.,pace and that is helping us to understand the mecha-
Ryan, T.E., Henkemeyer, M., Strebhardt, K., Hirai, H., Wilkinson,nisms by which axons find their way.
D.G., Pawson, T., Davis, S., and Yancopoulos, G.D. (1996). Eph
receptors and ligands comprise two major specificity subclasses
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